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ABSTRACT 
A modified electrospinning setup with parallel 
electrode and heater plate was presented to fabricate 
piezoelectric nanofibrous membrane directly. Thanks to 
the strong electric field strength, high stretch ratio and 
high environmental temperature during the 
electrospinning process, α-phase poly (vinylidene 
fluoride) (PVDF) would be transformed to β-phase well 
and have excellent piezoelectric performance. The 
maximal piezoelectric output voltage increased from 100 
mV to 300 mV with increasing excitation frequency from 
5 Hz to 1000 Hz, and the noise in the piezoelectric 
response decreased with increasing excitation frequency. 
This work would promote the application of polymeric 
sensor in the NEMS/MEMS system integration.  
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INTRODUCTION 
As one of the important development trends of 
flexible electron, polymer sensors attract great interesting 
from all over the world. With the advantages of 
lightweight, robustness and low cost, polymer sensors 
have found potential application in the fields of vibration 
[1], tension [2] and pulse [3] sensing. Presently, 
developing easy integration ways to fabricate flexible 
polymeric sensor unit is the key for the application of 
polymer sensors. 
Poly (vinylidene fluoride) (PVDF) is a attractive 
piezoelectric polymer, which is low cost, high flexible 
and biocompatible [4], has exhibited excellent application 
potential in the in various flexible devices, such as strain 
sensors [5, 6], health monitoring [3], pressure sensor [7], 
mechanical actuators [8, 9] and micro energy harvesters 
[10],… , etc. There are at least four crystalline phases in 
PVDF of α, β, γ and δ phase, among which β-phase PVDF 
has all the dipolar moments pointing to the same direction 
and has the best piezoelectric responses, and the 
non-polar α-phase PVDF is the most stable one. The 
α-phase is the common form in the commercial PVDF 
that formed by the simple crystallization process upon 
cooling from the melt in quiescent conditions [11]. Now, 
extra post-process of stretching and strong electric field 
are the usual ways that utilized to transform PVDF from 
 phase to  phase [12], by which the piezoelectric 
property is improved and the piezoelectric PVDF can be 
gained.  
Electrospinning is a versatile method to fabricate 
continuous nanofiber. During the electrospinning process, 
polymer solution was deformed into Taylor cone by the 
electrostatic field. When the applied voltage was larger 
than the threshold voltage, liquid jet ejected from the cone 
tip and stretched into solid nanofiber with the solvent 
evaporation. The strong electric field and high-ratio 
stretching in electrospinning provide enough energy to 
force dipole moments to face in nearly the same direction 
[13]. Therefore, the electrospinning process promotes the 
phase transformation of PVDF from non-polar α phase to 
the polar β phase [14].  
In this work, a novel electrospinning method was 
presented to fabricate flexibility nanofibrous membrane 
with high piezoelectric performance directly. 
 
EXPERIMENT 
The modified electrospinning setup was depicted in 
Fig. 1, including precision syringe pump, high voltage 
sources, copper plate electrode, collector, and heater 
plate. Polymer solution transferred to the spinneret by 
the precision syringe pump (Harvard 11 Pico Plus, 
USA). The plate copper electrode fixed at the end of the 
spinneret to establish uniform parallel electrical field 
between spinneret and collector. The copper foil 
(thickness 0.08mm, Chengdu Tomorrow High 
Technology Industry Co., Ltd., China) utilized as 
collector and put on the heater plate (IKA C-MAG HS7, 
Germany). The heater plate can increase the 
environmental temperature to 100 ℃.  
PVDF (average molecular weight =141,000 g/mol, 
DuPont, USA) powder was dissolved in the blend solvent 
of acetone (Sinopharm Chemical Reagent Co. Ltd., 
China) and N, N-dimethylformamide (DMF, 
Sinopharm Chemical Reagent Co. Ltd., China), and 
the weight ratio of acetone to DMF in the blend solvent 




Figure 1: Schematic of modified electrospinning setup 
 
RESULTS AND DISCUSSIONS 
Electrospun PVDF Nanofibrous 
 
With the modified electrospinning system, PVDF 
nanofiber was collected on the copper foil for 1 hr to gain 
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nanofibrous membrane (Fig. 2 (a)), and the thickness of 
nanofibrous membrane was about 20~30 µm. Figure 2 (b) 
showed the cross section of PVDF nanofibrous 
membrane. The diameter of PVDF nanofiber ranged from 
100 nm to 700 nm, and the diameter distribution of 
nanofiber was showed in Fig. 3 and the average diameter 
was 332 nm. In this work, the applied voltage, spinneret 
to collector distance, solution concentration, flow rate 
and heater plate temperature was 6kV, 4cm, 18%, 100 




Figure 2: (a) SEM images of PVDF nanofiber; (b) cross 




Figure 3: Diameter distribution of PVDF nanofiber.  
 
X-ray Diffraction Measuring 
 
As discussed above, β-phase is responsible for the 
piezoelectric responses of PVDF, and transforming 
non-polar -phase to polar -phase is the key to promote 
the piezoelectric property of PVDF. The phase 
transformation of nanofibrous membrane was measured 
by the X-ray Diffraction (XRD), and the peaks at 2θ = 
20.6o appeared in the XRD patterns responses to the 
200/110 reflection of the β phase in PVDF [10]. Figure 3 
showed the XRD patterns of PVDF powder, PVDF 
nanofibrous membrane fabricated under the temperature 
of 25℃, polarized PVDF whirl coating membrane, PVDF 
nanofibrous membrane fabricated under the temperature 
of 100℃. The whirl coating membrane was polarized in 
the electrical field of 1.5×105V/cm for 1hr under the 
environmental temperature of 100℃. 
During the electrospinning process, PVDF liquid jet 
with diameter of 10~100 µm was changed into solid 
nanofiber with diameter of 100~700 nm; the strength of 
parallel electrical field between the plate copper electrode 
and the collector was 1.5×105 V/cm. On the other hand, 
environmental temperature was increased to 100℃ by the 
heater plate and the high temperature accelerate the phase 
transformation process further. Thanks to the stretching 
and the electrical field polarization under high 
temperature (100 ℃), non-polar -phase PVDF was 




Figure 3: XRD diffraction patterns. (a) PVDF powder; (b) 
PVDF nanofibrous membrane fabricated under the 
temperature of 25℃ ; (c) Polarized PVDF whirl coating 
membrane; (d) PVDF nanofibrous membrane fabricated 
directly under the temperature of 100℃. 
 
Piezoelectric Properties Measuring 
 
After the electrospinning experiment, the copper foil 
with PVDF nanofibrous membrane was cut into square 
(3cm×3cm), and another copper foil electrode covered 
over the nanofibrous membrane. Then, the PVDF 
nanofibrous membrane with two copper electrodes was 
fixed between two PET thin films (thickness 100 µm) to 
increase its strength, the schematic of multi layers 
structure composed of PVDF nanofibrous membrane is 
shown in Fig. 5. The upper and lower copper foil of multi 
layers structure were connected to the probes of 




Figure 5: Schematic of multi layer structure composed of 
PVDF nanofibrous membrane for measurement of 
piezoelectric response. 
 
The piezoelectric response of PVDF nanofibrous 
membrane under the vibration excitation showed in Fig. 6 
(the excitation frequency was 5 Hz). Each vibration cycle 
composes a stretch step and a release step. The 
nanofibrous membrane was bended by the external 
vibration and exhibit piezoelectric response in the stretch 
step. In the release step, multi layer structure began to 
restore under its own elastic force. During the restoring 
process, multi layer structure was in relaxing state and 
had free vibrations, which imported more noise signal 
into the piezoelectric response (see Fig. 6). The period 
(a) (b)
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and the decay time of the piezoelectric response were 20 
ms and 45 ms, respectively. The maximal output voltage 
in the stretch step was about 131 mV, which was higher 
than that the maximal output voltage (114 mV) in the 
release step, and the delay time of piezoelectric signal was 
about 3ms. Figure 7 showed the piezoelectric response of 
PVDF nanofibrous membrane under different vibration 
frequency. The free vibration of nanofibrous membrane 
was weakened and piezoelectric response can be 




Figure 6: Piezoelectric output voltage of PVDF nanofibrous 
membrane under the vibration excitation. The excitation 





Figure 7: Piezoelectric response of PVDF nanofibrous 
membrane under the vibration. The excitation frequency was 
20 Hz in (a), 40 Hz (b), 60 Hz in (c), 80 Hz in (d). The 
excitation voltage of vibration exciter was 1 V. 
For the longer excitation period, there were decay 
processes in the piezoelectric process with excitation 
frequency of 20 Hz (see Fig. 7 (a)). When excitation 
frequency was 80 Hz, the PVDF nanofibrous membrane 
exhibited good piezoelectric response in both stretch and 
release step (see Fig. 7 (d)). The maximal piezoelectric 
output voltage increased with the external excitation 
frequency, as shown in Fig. 8. Since the half excitation 
period was shorter than the decay time of piezoelectric 
response, piezoelectric output voltage had lower increase 




Figure 8: The relationship between maximal piezoelectric 
output voltage of PVDF nanofibrous membrane and excitation 
frequency. The excitation voltage of vibration exciter was 1 V. 
 
The piezoelectric response of multi-layer structure 
without PVDF nanofibrous membrane, with PVDF whirl 
coating membrane and PVDF nanofibrous membrane 
fabricated under the temperature of 25 ℃ were measured 




Figure 9. Piezoelectric response of difference membranes. (a) 
Multi-layer structure without PVDF nanofibrous membrane; 
(b) Nanofibrous membrane fabricated under the temperature of 
25 ℃; (c) Whirl coating membrane. The excitation voltage and 
frequency of vibration exciter was 1 V and 40 Hz, respectively. 
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Both the thickness of PVDF whirl coating membrane 
and PVDF nanofibrous membrane fabricated under the 
temperature of 25 ℃ were also  in the range of 20 µm to 
30 µm, both of they were fixed on the multi-layer 
structure. PVDF whirl coating membrane was polarized 
with the electrical field of 1.5×105 V/cm for 1 hr under the 
temperature of 100℃. 
Under the external vibration, the multi-layer without 
PVDF nanofibrous membrane did not exhibit 
piezoelectric response (see Fig. 9 (a)). The maximal 
piezoelectric output voltage of PVDF whirl coating 
membrane and PVDF nanofibrous membrane was 72 mV 
and 83 mV (see Fig. 9 (b) and (c)) respectively. But, there 
were more noise signal in the piezoelectric response than 
that measured from the PVDF nanofibrous membrane 
fabricated under the temperature of 100℃.  
 
CONCLUSIONS 
In this work, the piezoelectric nanofibrous membrane 
can be fabricated directly with the modified 
electrospinning setup that including parallel electrode and 
heater plate. The uniform electrical field and the high 
environmental temperature promoted the electric field 
polarization and phase transformation of PVDF. By this 
novel electrospinning, the α-phase PVDF was 
transformed to β-phase well and the piezoelectric 
response of PVDF nanofibrous membrane was enhanced 
greatly. The experimental results showed that PVDF 
nanofibrous membrane exhibited good piezoelectric 
effect under the external vibration, and the maximal 
piezoelectric output voltage ranged from 100 mV to 300 
mV. The maximal piezoelectric output voltage increased 
with increasing the excitation frequency. 
This work presented a novel and easy way to 
fabricated nanofibrous piezoelectric membrane directly, 
which would accelerate the development of flexible 
electronic fabrication and the micro/nano-system 
integration. Optimizing the process parameter and 
increasing the piezoelectric effect of PVDF nanofibrous 
membrane would be in the next work. 
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